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Abstract

:

Drought has been a recurrent phenomenon in Mexico. For its assessment and monitoring, several studies have monitored meteorological droughts using standardized indices of precipitation deficits. Such conventional studies have mostly relied on rain gauge-based measurements, with the main limitation being the scarcity of rain gauge spatial coverage. This issue does not allow a robust spatial characterization of drought. A recent alternative for monitoring purposes can be found in satellite-based remote sensing of meteorological variables. The main objective of this study is to evaluate the standardized precipitation index (SPI) in Mexico during the period 1998 to 2013, using the Tropical Rainfall Measuring Mission (TRMM) satellite product 3B42. Results suggest that Mexico experienced the driest conditions during the great drought between 2011 and 2012; however, temporal variability in the SPI was found across different climatic regions. Nevertheless, a comparison of the SPI derived by TRMM against the rain gauge-based SPI computed by the official Mexican Drought Monitor showed low to medium correlation of the time series though both SPIs managed to capture the most relevant droughts at the national scale. We conclude that the TRMM product can properly monitor meteorological droughts despite its relative short dataset length (~15 years). Finally, we recommend an assimilation of rain gauge and satellite-based precipitation data to provide more robust estimates of meteorological drought severity.
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1. Introduction


Droughts are one of the most common natural hazards that can have impact on agricultural, ecological, social and economic consequences worldwide, and can often cause serious damage to crop production, limit water supply and even provoke human death. Drought is commonly defined as a period of deficit in precipitation or below normal water availability [1,2] and is characterized for being highly heterogeneous in space and variable in time [3].



Several indexes have been developed to help identify the onset and end of a drought as well as its severity for water and agricultural management purposes. Meteorological drought can be monitored using drought indices such as the Palmer Drought Severity Index (PDSI) [4], which is based on precipitation and air temperature deficits, or the Standardized Precipitation Index (SPI) developed by McKee et al. [5], which describes the cumulative probability of a rainfall occurrence over a given time period. Different studies have identified the usefulness of the SPI to quantify meteorological droughts [6,7,8,9,10]. In recent years, the National Drought Mitigation Center (NDMC) [11], the Western Regional Climate Center (WRCC) [12], the United States Department of Agriculture (USDA) [13] and the Drought Monitor (USDM) [14,15], among others, have integrated this index for the assessment of drought intensity. Moreover, the SPI has been used for studying different aspects of droughts, such as its forecasting [16], frequency analysis [17], spatiotemporal analysis [18] and climate change impact studies [19].



The SPI only requires information about precipitation for its estimation, so it can characterize the amount of dryness or wetness over different time scales and is less complex to calculate than others meteorological indicators such as the PDSI. On the other hand, the SPI solely relies on atmospheric water supply and hence cannot account for other proxies of terrestrial dryness such as evapotranspiration, limiting to capture the effect of increased temperatures and fluctuations in the atmospheric water demand [20]. Although it is plausible to include additional variables to improve drought monitoring, the lack of long-term meteorological observations in several limited-data regions of the world makes the SPI the most used common drought index. However, in developing countries, ground-based rainfall observation networks are often sparsely distributed and can limit our understanding of climatological patterns [21].



In those regions with sparse weather stations, drought conditions may be estimated by means of spatial interpolation using geostatistical techniques. Although spatial interpolation helps to inferring drought conditions at large scales, it may have high uncertainties [22], which represents a substantial difficulty when dealing with effective spatial coverage of rainfall over a large area, mainly in mountainous regions. Alternatively, space borne remote sensing, which can be used to infer precipitation across the quasi-global scale can continuously monitor rainfall over large extensions and in near real-time [21]. Indeed, satellite information has become a feasible alternative to monitor droughts either by observing climatic conditions [22,23,24] or vegetation health [25], as input to operational hydrological models [26], for flood forecasting and early warning [27,28,29,30]. Satellite-based drought studies have assessed dryness conditions not only by monitoring precipitation, but also other key components of the water cycle such as soil moisture, snow, groundwater and evapotranspiration. For recent state-of-the-art remote sensing applications for drought monitoring and prediction, see [31].



Lack of knowledge of existing remote sensing products for drought monitoring has restrained the development and testing of observational tools for drought phenomena. Such is the case of Mexico, where the only drought monitoring tool relies on a very limited rain gauge network that spares regions with complex topography. Mexico’s long-term precipitation regime is characterized by strong spatial precipitation gradients. While its northern portion that covers more than half of the country’s area is well known for having persistent arid and semiarid climate conditions, the remaining southern portion ranges from a temperate regime located around the central regions to a humid tropical climate in the southernmost part, around the border with Guatemala. In spite of such great variability observed in the spatial distribution of precipitation, its temporal distribution is quite consistent across the country (an exception being the extreme northwestern region, close to California), which is characterized by relatively dry winters, whereas the rainfall season typically occurs from May–June until September–October.



Monitoring drought conditions in Mexico at the countrywide scale are recent. Since 1999, the North American Drought Monitor (NADM) has been the result of a technical cooperation among drought experts from Mexico, USA and Canada dedicated to describe dryness and wetness conditions in North America. However, it is until 2014 when an official Drought Monitor (MDM) was developed using in situ information to monitor meteorological drought conditions by means of the SPI. Although the MDM is computed following the North American Drought Monitor procedures (which is partially based on the US Drought Monitor, see [14]), the lack of ground information available in Mexico has reduced the number of variables involved in the computation of the drought index. Such index is a combination of meteorological drought (SPI, using the rain gauge network shown in Figure 1), agricultural drought (soil moisture deficits computed by a soil moisture leaky bucket model and the Normalized Difference Vegetation Index, NDVI) and hydrological drought (levels in reservoirs) [14,15].



Previous research on droughts in Mexico has focused on different meteorological aspects such as the structure and variability of spatial modes [32], the potential use of tree-ring records from northern Mexico to indicate the historical drought occurrence from 1780 to 1992 [33,34], historical teleconnections between sea surface temperatures and El Niño Southern Oscillation induced droughts [35], classification of homogeneous climatic zones using the SPI [9] and drought vulnerability assessment [36]. Nevertheless, there are no drought monitoring studies in Mexico that use in situ measurements, data assimilation products or spaceborne datasets.



This work presents a satellite-based national-scale meteorological drought monitor for Mexico during the period 1998 to 2013. The monitor detects drought severity by means of the Standardized Precipitation Index (SPI) obtained from datasets derived by the spaceborne Tropical Multi-Precipitation Analysis (TMPA 3B42) product, which has the ability to quantify rainfall in tropical and temperate regions of the world. The specific goals of this study are to: (1) evaluate the SPI across Mexico’s terrestrial surface over a 16 year period (1998–2014); (2) compare drought severity between this satellite-based SPI and the ground-based SPI from the MDM; and (3) analyze the drought patterns that occurred in Mexico during the 2011–2012 drought event.




2. Data and Methods


2.1. Site Description


Because the TRMM product almost covers the total global terrestrial and oceanic surface, the monitor was developed for the whole Mexican territory (Figure 1). Mexico is located in the geographical region delimited by 14°–33° N, 84°–118° W and is characterized by a wide range of climates and landscapes (Figure 1). Different climate regimes in Mexico are mainly controlled by the latitude and regional circulation systems that interact with the country’s topography. According to the Köppen climate classification system, Mexico can be divided into six different climate typologies: tropical wet zones (characterized by constant wetness throughout the year), tropical wet-and-dry zones (dry winters and wet summers), semiarid zones (250–750 mm of rain that mostly occurs during summer), arid zones (less than 250 mm of rain per year with dry and cold winters), temperate zones with dry winters (mild temperatures with annual rainfall ranging between 600 mm and 1200 mm) and humid tropical zones (mild temperatures with uniform rain patterns throughout the year) [37,38]. Semiarid and arid regions are mainly located in the northern half of the country, whereas the regions around the center of Mexico consist of temperate zones with dry winters. Finally, the south and coastal regions (with the exception of the north) have tropical wet or wet-and-dry regimes.




2.2. Data and Methodology


The precipitation dataset was extracted from the Tropical Multi-satellite Precipitation Analysis product TMPA 3B42 version 7 (hereafter TRMM 3B42). This product is a combination of different satellite remote sensors set up in the Tropical Rainfall Measuring Mission [39,40], namely Precipitation Radar (PR) and Microwave Imager (TMI) [41,42,43], both onboard TRMM satellite. In addition, the TMPA incorporates information from the Special Sensor Microwave Imager (SSM/I) onboard Defense Meteorological Satellite Program (DMSP) satellite [44,45], the Advanced Microwave Scanning Radiometer (AMSR) onboard US Earth Observing Satellite (EOS) “Aqua” [46,47] and the Advanced Microwave Sounding Unit (AMSU) onboard NOAA and MetOP satellites [48,49]. The TRMM 3B42 product consists of a 0.25 × 0.25 grid providing daily and three-hourly estimates that were calibrated with the support of observed monthly precipitation rates [39]. The main difference between TRMM 3B42 and TRMM 3B42 RT is that the latter product is computed in near-real time without any calibration and rain gauge-based corrections unlike the former. In this work, daily TRMM data covering Mexico’s terrestrial surface were aggregated to obtain monthly estimates of precipitation across a grid covering 3020 TRMM 3B42 cells. Monthly time series (January 1998 to December 2013) for each cell were analyzed in order to derive the SPI for durations corresponding to one, three, six and twelve months, respectively.



The Standardized Precipitation Index (SPI) [5] was intended to be a spatially invariant indicator of drought, as it is based on long-term precipitation records [50,51]. The SPI is a quantitative indicator for negative and positive rainfall anomalies over different timescales so it can be used as a cumulative proxy for dry and wet conditions. The SPI calculation is based on the goodness-of-fit of the observed precipitation to a probability distribution such as the Pearson Type III [52] or Gamma probability density function [53].



As a result, positive SPI values indicate greater than median precipitation, and negative values indicate less than median precipitation. SPI values of less than −1 indicate that a drought event is taking place and its intensity can be calculated by accumulating the SPI values for any desired period (1, 3, 6, 9, 12, and 24 months, and so on). However, it is important to point out that for dry climates (such as the center and north of Mexico), short-term SPIs can hardly reveal any drought patterns as dry conditions can be dominant during several months of every year. Dryness and wetness severity can be classified into seven categories as suggested by McKee [5,6]: extremely dry (<−2), severely dry (−2 to −1.5), moderately dry (−1.5 to −1), near normal (−1 to 1), moderately wet (1 to 1.5), very wet (1.5 to 2) and extremely wet (>2).





3. Results and Discussion


The rainfall climatology observed in Mexico for the period 1998–2013 according to the TRMM 3B42 dataset is shown in Figure 2 and its average intra-annual variability is displayed in the inset. The annual map shows an overall dry precipitation regime (200 ± 100 mm/year) in the northern part of the country, whereas the southeastern part receives precipitation on average an order of magnitude higher (2000 ± 500 mm/year). Increasing gradients of precipitation can be observed from the Mexican High Plateau towards the western and eastern Sierra Madre mountains range. With the exception of the northwestern portion (Lower California peninsula and Sonora’s coast), Mexico’s coastal regions receive on average more than 1000 mm of rain per year. The region with the greatest precipitation gradients and higher values are located along the narrowest continental strip in southern Mexico, most specifically in the upper areas of Oaxaca and Chiapas and the floodplains of Veracruz and Tabasco. As shown in the sub-window, on average, Mexico’s precipitation regime is highly seasonal, with only 14.4% of the annual rainfall occurring between December and April and the rest (~85.6%) from May until November.



In addition to the spaceborne-based Mexico’s rainfall climatology shown in the previous figure, rainfall anomalies (the difference between monthly precipitation records and its long-term average) were calculated so that a more clear distinction between dry and wet climatological monthly conditions can be inferred (see Figure 3). In this figure, monthly anomalies of precipitation range between −50 and +50 mm with an exception in July of 2010, which exceeds 80 mm. In contrast, there is a deficit close to 50 mm in 2000, 2009, 2010 and 2011, with an exception observed in October 2010 and September 2011, where minima values for the 15-year period of analysis were reached. In spite of such observed continuous deficit in precipitation in 2011, the positive one-month anomaly during summer seems to have provided some relief to drought conditions.



The temporal evolution of nationwide SPIs is shown in Figure 4. Grey lines indicate the standardized values of individual TRMM cells located in Mexico and the filled areas (blue and red) represent the average monthly SPI. The average over the whole country time series of SPI-1 (Figure 4a) illustrates very well precipitation seasonality. A similar seasonal pattern is observed, displayed with smoother contours, in the average time series for SPI-3 (Figure 4b) and SPI-6 (Figure 4c). Although SPI values for short timescales accurately describe the cyclical behavior of the precipitation regime, they fail to indicate clearly a drought occurrence. However, as the timescale reaches cumulative durations of at least 12 months (Figure 4d), the separation between persistent dry and wet periods becomes more evident and can reflect the potential impacts of long periods of dryness on agriculture and water supply.



According to the SPI-12, drought events were clearly detected in 2000–2003, 2006, 2009 and 2011–2013, with normal and/or wet periods between them. It is important to stress that these SPI values represent average conditions over Mexico, so more severe wet or dry conditions at the local or regional scales might have occurred but are difficult to observe when the time series are spatially aggregated to the national scale.



A more detailed perspective on drought conditions across several climatic zones of Mexico is displayed in Figure 5 and shows some significant temporal variability in drought occurrence across the different study sites. For instance, when the SPI-12 chart (Figure 5d) is examined, it reveals that some climatic zones experienced their worst drought conditions before the great drought of 2011–2012 such as the Aw (tropical wet-and-dry regions, in 2009), Bw (arid regions, in 2002) and Cf (humid subtropical, in 2009), whereas other regions dealt with important dry conditions after the great drought such as Af (tropical wet, in 2013). The remaining regions, BS (semi-arid) and Cw (temperate with dry winters), were the most severely affected during the great drought. It is important to note that drought conditions using shorter timescales than 12 months (1, 3 and 6 months) do not show marked differences among the climatic regions.



Even though this work tests the capability in monitoring climatological drought conditions with satellite-based precipitation, comparing both datasets can provide new insights about the probability of detection, false alarms and other potential errors in drought monitoring. Figure 6, Figure 7 and Figure 8 suggest that the correlation between the SPI time series (rain gauges and satellite) is predominantly low (r values between 0.01 and 0.79), however these results show that the agreement in both SPIs to mimic the exceptional drought of 2011–2012 at local scales is in general quite high despite some gaps in the rain gauge time series (e.g., SPI-6 and -12 in Figure 6 and Figure 7) or observed inconsistencies (e.g., early 2002 in Figure 7). In this context, although it is plausible to perform a more robust quantitatively analysis between both SPIs (e.g., incorporate more statistical indexes, and perform multi-category analysis), substantial differences in the time series length (records in several of the SPI rain gauges date back from the 1950s) and in the measured monthly precipitation are both potential sources of bias and therefore not very suitable for direct comparisons.



Low statistical correlation between the time series clearly suggests that the temporal fluctuations in the SPI do not follow the same pattern. This behavior can be attributed to the statistical parameters of both indices that are sensitive to the following factors: the length of the precipitation records from which the SPI was computed [51] and poor agreement in rainfall quantitative estimates due to scaling issues between the typical spatial footprint of a rain gauge and a mesoscale gridded product. A recent TRMM 3B42 validation study carried out in southern Mexico found that monthly precipitation observed by TRMM during the dry season typically exceeds estimates from rain gauges whereas the opposite behavior occurs during the rainfall season (unpublished work).



Spatially distributed SPI time series can also be used to assess the fraction or percentage of land under drought conditions as displayed in Figure 9. The graph shows the temporal variability of Mexico’s total surface affected by moderately dry (areas in dark yellow), severely dry (areas in red) and extremely dry (areas in dark red) conditions for different timescales (SPI-1, -3, -6 and -12). According to short-term SPIs (1, 3 and 6 months), the most severe year in terms of drought severity was 2011, whereas the long-term SPI (12 months) suggests a slow but substantial increase in the affected area by drought that covered up to two thirds of the country from 2011 until 2013.



Due to the relevance of the 2011 drought, its spatial behavior (SPI of 3, 6 and 12 months, respectively) during and after its peak through the SPI maps is displayed in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15.



As illustrated in Figure 10, drought patterns for the SPI-3 during 2011 indicate that, in the first five months of the year, most of the country experienced very dry to extreme dry conditions followed by a two-month transitional period that interrupted the drought severity observed in the earlier months. Although September was the only month of the year with dominant humid conditions, the summer and fall seasons did not show any sign of wetness even though these seasons are typically characterized for being the wettest period of the year.



A comparison between the SPI-3 from 2011 and that from 2012 is shown in Figure 11. Overall, drought severity and its impacted areas during the first six months of 2012 were less intense compared to the same period during 2011. The months of January and May showed the driest conditions during 2012 though they were more moderate than those observed a year earlier and surprisingly the months between January and May did not show any clear drying patterns. The beginning of the rainy season in June did not lead to an abrupt end in drought as countrywide wetness was only observed in August and September.



According to the SPI-6 during 2011 (Figure 12), drought conditions followed a similar pattern than those observed by the SPI-3, but its severity was more visible between February and May. This suggests that the meteorological drought of 2011 was more sensitive to rainfall deficits at this scale. On the other side, the foremost rainy season of the year (July, August, and September) was also dryer for the SPI-6 compared to the SPI-3.



In Figure 13, it can be observed that drought transitioned from moderate severity in January–February to extreme severity in March–June, with the most affected areas mainly located in the western parts of the country. Drought conditions attenuated since July until the end of the year.



As shown in Figure 14, the most severe dry conditions for the SPI-12 in 2011 were detected during the second half of the year. The first half of the year indicates substantial spatial heterogeneity of the SPI across Mexico where the northwest region had persistent negative values, whereas the northeast and southeast regions experienced positive anomalies of precipitation. However, because of the lag time in this cumulative twelve-month period, dryness conditions can be traced back to the late 2010 and early 2011.



The SPI-12 in 2012 (Figure 15) reflected long-term precipitation patterns for the previously explained reason. Thus, moderate and severe droughts in April, May and June, in the north and center of the country were linked to dryness conditions experienced a year earlier. In the months of July and August, drought severity decreased across the north while, in the remaining months, there was severe drought across a few hotspots located in the south of Mexico.




4. Conclusions


Thus far, there has been a lack of scientific studies aimdd at assessing the severity, propagation and socio-economic impacts of contemporary droughts in Mexico. This work focuses in the first topic: monitoring drought conditions using a spaceborne gridded product with continuous daily information since the beginning of the 21st century (1998–2013). This period was characterized for having the most important drought in Mexico in terms of agricultural losses observed since the beginning of the 20th century [37,38,54,55]. In this paper, the Standardized Precipitation Index (SPI) was used to evaluate the drought conditions based on a monthly precipitation dataset (TRMM 3B42). Results were compared against drought severity estimates from a rain gauge network composed of ~350 stations. Although the rain gauge-based SPI is based on long-term statistics, several issues arise, such as the reliability and uncertainty that exist because of large spatial data gaps (the network of rain gauge stations is not representative of the whole country as there are significant gaps in several regions, personal communication from the National Weather Service staff) and larger spatial footprints by the TRMM product. On the other side, the satellite-based SPI can be useful for monitoring drought with a homogeneous resolution dataset, despite a shorter observational record that ultimately affect the statistical extreme distribution of precipitation.



Large scale seasonal patterns of drought were observed in the countrywide maps showing the three- and six-month SPI. However, the persistency was more evident using the SPI-12, because this timescale represents the cumulative result of shorter periods characterized for having statistically precipitation deficits. However, when SPI time series were analyzed by climatic regions (instead of its countrywide average), the most intense droughts in each region showed different timing under the SPI-12, with only two out of six regions reaching minima SPI values during the great 2011–2012 drought, whereas the remaining four regions experienced severe-to-extreme dryness at other times between 1998 and 2013. This suggests that the SPI-12 is the most appropriate scale to characterize meteorological droughts in Mexico as it allows differentiating drought patterns at the regional/local scale by showing evidence that droughts are not homogeneous in space and time (and hence its impact on the agricultural and hydrological component can also differ). Nevertheless, the largest percentage of area affected by drought was found by the SPI-6, especially for those regions with drought conditions classified as severely dry and extremely dry.



This work showed the potential of using a spaceborne precipitation product for monitoring meteorological drought. Results showed that the SPI derived either from rain gauges or from the TRMM 3B42 product can detect severe drought episodes, such as the great drought of 2011–2012. Future work should continue to validate and improve drought monitoring by merging satellite precipitation products with in situ precipitation data and by linking drought severity by means of remote sensing products to observed impacts on human activities such as agriculture and water supply.
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Figure 1. Climate classification of Mexico, location of the 364 rain gauges used to derive the drought index from the MDM and TRMM 3B42 spatial resolution grid (0.25° × 0.25°). Large circles with the asterisk represent those rain gauges whose SPI was compared against the SPI derived from the TRMM 3B42. 
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Figure 2. TRMM 3B42 derived map of mean annual precipitation in Mexico between 1998 and 2013. The inset displays the monthly precipitation climatology averaged over Mexico. 
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Figure 3. Spatially averaged monthly anomalies of precipitation in Mexico (1998–2013) derived from the TRMM 3B42 product. 
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Figure 4. Standardized Precipitation Index (SPI) averaged over Mexico from 1998 until 2014 at different timescales: one month (a); three months (b); six months (c); and twelve months (d). 
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Figure 5. Standardized Precipitation Index (SPI) averaged over Mexico from 1998 until 2014 at different climate regions (color lines) and timescales: one month (a); three months (b); six months (c); and twelve months (d). 
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Figure 6. Comparison of SPI time series (TRMM-derived, blue line; Rain gauge derived, red line) at an arid climate (Sonora state in the north of Mexico) for different timescales: one month (a); three months (b); six months (c); and twelve months (d). Pearson’s r correlation coefficient depicts the statistical agreement between both datasets. 
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Figure 7. Comparison of SPI time series (TRMM-derived, blue line; Rain gauge derived, red line) at a temperate climate (Michoacán state in the central part of Mexico) for different timescales: one month (a); three months (b); six months (c); and twelve months (d). Pearson’s r correlation coefficient depicts the statistical agreement between both datasets. 
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Figure 8. Comparison of SPI time series (TRMM-derived, blue line; Rain gauge derived, red line) at a humid climate (Yucatán state in the southeast of Mexico) for different timescales: one month (a); three months (b); six months (c); and twelve months (d). Pearson’s r correlation coefficient depicts the statistical agreement between both datasets. 






Figure 8. Comparison of SPI time series (TRMM-derived, blue line; Rain gauge derived, red line) at a humid climate (Yucatán state in the southeast of Mexico) for different timescales: one month (a); three months (b); six months (c); and twelve months (d). Pearson’s r correlation coefficient depicts the statistical agreement between both datasets.
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Figure 9. TRMM 3B42-based temporal evolution (1998–2013) of Mexico’s terrestrial surface affected by drought conditions (moderate, severe and extreme) and for different SPI timescales (one, three, six and twelve months). 
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Figure 10. Drought monitoring based on TRMM 3B42 three-month Standardized Precipitation Index for 2011. 
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Figure 11. Drought monitoring based on TRMM 3B42 three-month Standardized Precipitation Index for 2012. 
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Figure 12. Drought monitoring based on TRMM 3B42 six-month Standardized Precipitation Index for 2011. 
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Figure 13. Drought monitoring based on TRMM 3B42 six-month Standardized Precipitation Index for 2012. 
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Figure 14. Drought monitoring based on TRMM 3B42 twelve-month Standardized Precipitation Index for 2011. 
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Figure 15. Drought monitoring based on TRMM 3B42 twelve-month Standardized Precipitation Index for 2012. 
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